Interestingly, cerebellar granule cells from the Hq mutant mice were more susceptible to peroxide-induced apoptosis than wild-type counterparts, suggesting that AIF serves as a free radical scavenger (and not a superoxide producer), and could therefore ameliorate neuronal apoptosis induced by hydrogen peroxide. 9 This finding suggests that AIF could play a supportive role in respiration, as the electron transport chain (ETC) is the main source of reactive oxygen species (ROS). It follows that mutations in AIF might produce a defect in mitochondrial respiration, through increased production of ROS. 10, 11 It has been shown that AIF can catalyze the reduction of cytochrome c in the presence of NADH in vitro, implying that cytochrome c is a possible electron acceptor for AIF. 8 Moreover, a proteomic study identifies the presence of AIF in a purified fraction of the complex IV of the mitochondrial oxidative phosphorylation system. 12 A very recent study published during the course of this work proposed that AIF is involved in the biogenesis and/or maintenance of the ETC, as AIF mutations resulted in a loss of Complex I and Complex III polyproteins. 13 Of special significance in this study was the result that loss of AIF compromised oxidative phosphorylation. Here we examined in cells whether depletion of AIF would lead to increases in free radical formation. We observed, for the first time, that there was a direct association between the increases in ROS, after AIF depletion, and the reduction in O 2 consumption.
To investigate the possible relationship between AIF and ROS, we used vector-driven small interfering RNA (siRNA) 14 to reduce the expression of the AIF transcript. Two unique AIF-specific siRNAs (AIF-1, GTACTGATTGTATCTGAA GAT, and AIF-2, GTAGTACAGCTGGATGTGAGA), but not control siRNA, effectively reduced the steady-state levels of AIF protein in both Hep3B cells (Figure 1a(i, top) ) and HeLa cells (Figure 1a (ii, top)), and this was paralleled by an approximate two-fold increase in cellular H 2 O 2 levels (Figure 1a (i and ii, bottom)). As AIF is a mitochondrial protein, we thought it reasonable to speculate that these observed increases in ROS were originating from the ETC. To test this claim, we first generated Hep3B cells that had been depleted of mitochondrial DNA (termed r 0 ) by long-term culture in the presence of ethidium bromide. 15 After testing for loss of respiratory function (results not shown), we repeated siRNA transfection in both Hep3B r þ and r 0 cells. As shown in Figure 1a (iii), siRNA transfection in both r þ and r 0 cells resulted in a robust knockdown of AIF protein levels. However, the evident increase in H 2 O 2 levels observed in the r þ cells was not apparent in r 0 cells, pointing to the ETC as the source of ROS in AIF-depleted cells. In order to broaden these findings in a more controlled manner, we generated stable Hep3B cell lines containing integrated plasmids expressing siRNAs against AIF. From a range of stable cell lines, we chose AIF-1-10 and AIF-2-4 for further study. These cell lines demonstrated a consistent and robust silencing of AIF in long-term culture ( Figure 1b) . As controls for our continuing experiments, we used also cell lines stably integrated with either empty vector only (pU6-2) or a vectorbased siRNA toward the SURF1 gene (SURF-A7; Figure 1c) . We examined whether the increased levels of ROS, upon AIF silencing, were also apparent after long-term culture of cells, as continuous exposure to elevated ROS can lead to upregulation of antioxidant defenses. 16 We measured ROS levels in AIF-1-10 and AIF-2-4 and compared these to the control pU6-2 and SURF-A7 cell lines. The results shown in Figure 1d (i) demonstrated that ROS levels were increased in the stable cell lines compared to controls (Po0.05). To complement this result, we analyzed AIF-1-10 and pU6-2 cells by confocal microscopy 17 using two redox-sensitive fluorescent probes. The results shown in Figure 1d (ii) reveal that both superoxide, measured by hydroethidium (HE, 10 mM), and peroxides, measured by 2 0 ,7 0 -dichlorodihydrofluorescein (DCFH-DA, 0.4 mM), were significantly increased in the AIF-1-10 cells compared to control (194736%, HE; 271753%, DCFH-DA). Collectively, these results strongly suggested to us that an outcome of AIF knockdown is the increased production of mitochondrial ROS.
To support our findings so far, we next examined the consequences of AIF knockdown for the activity of HIF-1a, a ROS-sensitive transcription factor. 18 Given the evidence that HIF-1a protein stabilization can be controlled by mitochondrial ROS levels, 18 we examined the steady-state levels of HIF-1a protein in AIF-silenced cell lines. We cultured cells for 3 h in the presence or absence of the broad-range antioxidant, N-acetyl cysteine (NAC, 5 mM) and performed Western blot analysis on whole-cell extracts using an antibody directed to HIF-1a. The results shown in Figure 1e (i) reveal that whereas the cell lines Hep3B and pU6-2 expressed only basal levels of HIF-1a, both AIF-1-10 and AIF-2-4 expressed increased steady-state levels of HIF-1a, which could be reduced by prior incubation with NAC. Semiquantitative RT-PCR analysis showed that HIF-1a mRNA was unchanged in the AIF knockdown cells (results not shown). Extending these findings, we used an HIF-1a reporter construct 19 and show that HIF-1a protein in cell lines AIF-1-10 and AIF-2-4 was transcriptionally active, with reporter levels 42-fold higher in both AIF-silenced cell lines compared to the pU6-2 control (Figure 1e (ii) ). Overall, these data suggested that the increased levels of HIF-1a protein in the AIF-silenced cells were a direct consequence of the increased levels of ROS.
Next, we addressed the question as to whether the increased ROS levels in AIF-silenced cells could participate in causing respiratory dysfunction, 20 a known outcome of ETC damage. 21 We measured whole-cell oxygen consumption rates in AIF-1-10 and AIF-2-4 and compared these to the pU6-2 and SURF-A7 control cells. At the same time, we also preincubated cells for 16 h in the presence of either 2.5 mM NAC 20 or 0.5 mM MitoQ, an antioxidant that is specifically targeted to the mitochondrion, 22 before measurement of respiration. The results, shown in Figure 1f , revealed that both AIF-1-10 and AIF-2-4 cells had an approximately 35% decreased rate of oxygen consumption (1.3870.03 nmol O 2 consumed/min/10 6 cells, n ¼ 11, Po0.001 and 1.5970.05, n ¼ 6, Po0.05, respectively) compared to pU6-2 (2.270.08, n ¼ 12) and SURF-A7 (2.0470.06, n ¼ 4, data not shown). Interestingly, preculturing with either NAC or MitoQ could reverse the respiratory defect in AIF-silenced cells (AIF-1-10 plus NAC, 1.9870.1, n ¼ 5, Po0.001; AIF-1-10 plus MitoQ, 2.170.1, n ¼ 5, Po0.001; AIF-2-4 plus NAC, 2.4570.05, n ¼ 3, Po0.001; AIF-2-4 plus MitoQ, 1.8770.07, n ¼ 3, Po0.05). Both NAC and MitoQ had no effect on basal O 2 consumption in pU6-2 (Figure 1f) or SURF-A7 (data not shown). To further understand the respiration defect in the AIF-silenced cells, we permeabilized a range of cell lines with digitonin and measured isolated Complex I-dependent respiration. 23 The results presented in Figure 1g demonstrate that whereas the control pU6-2 cells, respiring on the Complex I substrates malate (0.4 mM) and glutamate (30 mM), could be inhibited by nearly 90% with the Complex I inhibitor rotenone (6 mM), both AIF-silenced cell lines respired very poorly with these substrates and the rotenone-sensitive respiration was not different from respiration in the absence of the inhibitor. When succinate (10 mM), a Complex II electron donor, was added to cells, in order to bypass Complex I-dependent respiration, both AIF-silenced cell lines had O 2 consumption rates identical to control cell lines, suggesting that only Complex I is affected by AIF silencing. As anticipated, prior incubation with the mitochondrial antioxidant, MitoQ (0.5 mM), could restore normal levels of Complex I-dependent respiration in silenced cells, pointing to presumably ROS-mediated damage as the likely cause of the respiration deficiency. As recently described, the loss of AIF results in decreased abundance of Complex I subunit proteins. 13 In keeping with this observation, we performed Western blot analysis of our siAIF cell lines using an antibody directed to the Complex I protein p39, and confirmed that this subunit was significantly reduced (Figure 1h ). As attempts to reverse the loss of this subunit in our model with antioxidants were unsuccessful (data not shown), we speculate that defects in Complex I could cause increased superoxide leakage, either by structural or stoichiometric alterations. 24 Alternatively, perhaps AIF acts on some other cellular component to maintain homeostatic ROS levels within the mitochondrion. Our future studies will be directed toward examining these possibilities.
In summary, our results show that silencing of the AIF gene results in increased free radical formation from the mitochondrion. These increases in ROS levels are physiologically relevant as (1) the ROS-sensitive transcription factor, HIF-1a, is stabilized and transcriptionally active and (2) O 2 consumption is perturbed at Complex I in the respiratory chain. Evidence that these processes are linked to free radicals arises from our findings that both outcomes can be reversed with antioxidant therapy. Our data, in part, are in agreement with a recent study that showed that AIF depletion resulted in decreased O 2 consumption, mainly at the site of Complex I. 13 As these authors could not detect changes in free radical levels in AIF-depleted cells, they raised the possibility that AIF could have a chaperone function in the mitochondrion, facilitating ETC component assembly. Our own findings would suggest that free radicals are increased upon AIF depletion, and are in line with a recent report suggesting that AIF may behave as a ROS scavenger. 9 Although the precise mechanism of AIF involvement in the ETC awaits further experimentation, data provided here strongly argue that free radicals play an important role in the observed respiration defect in AIF-silenced cells.
